A divergent selection experiment with mice, using plasma concentrations of insulin-like growth factor-1 (IGF-1) at 42 days of age as the selection criterion, was undertaken for 7 generations. Lines were not replicated. To obtain sufficient plasma for the IGF-1 assay, blood from four individuals was volumetrically bulked to obtain a litter mean IGF-1 concentration. This necessitated the use of between family selection. Although inbreeding accumulated in a linear fashion in each of the high, control and low lines, the rates were different for each line (3-6, 1-6 and 5-3 % per generation for the high, control and low lines, respectively). As a consequence, the effects of selection and inbreeding are confounded in this experiment. Divergence between the high and low lines in plasma concentrations of IGF-1 continued steadily until generation 5. In generations 6 and 7, there was a reduced degree of divergence and this contributed towards the low realized heritability value of 0.15 + 0.12. Six-week liveweight showed a steady positive correlated response to selection for or against plasma concentrations of IGF-1 until generation 4 (high-low difference = 1-7 g = 12%). In generation 5, a substantial drop in 6-week liveweight in the low line relative to both the high and control lines occurred (high-low difference, 3-9; g, 25%). This difference was maintained until generation 7.
Introduction
Intensive research during the 1980s has investigated the role of insulin-like growth factor-1 (IGF-1) in the somatotrophic axis (Hall & Sara, 1983; Froesch et al. 1985; Breier el al. 1986 ) and other physiological functions such as reproduction (Adashi et al. 1985) and lactation . The possible involvement of IGF-1 in several important production traits, including liveweight gain, reproductive efficiency and milk production, has led to interest in its potential as a selection criterion. Blair et al. (1987) reported a number of non-genetic factors affecting plasma IGF-1 concentrations which, in order to maximize the rate of genetic gain, would need to be corrected for prior to ranking animals for selection. They also reported a moderate heritability t Corresponding author. estimate (0-40) for plasma concentrations of IGF-1 at about 6 weeks of age in mice, suggesting that genetic variation exists for this trait. Phenotypic correlations between plasma concentrations of IGF-1 and liveweight at 6 weeks of age were positive and generally high in the above trial.
In an effort to provide more information about the level of genetic variation in plasma concentrations of IGF-1, and the degree of genetic covariation with other traits, a mouse selection experiment was initiated in 1985. This paper reports on direct responses to selection for plasma concentrations of IGF-1 at 6 weeks of age and correlated responses in 6-week liveweight.
Materials and methods
Four inbred strains of mice maintained at the Massey University Small Animal Production Unit (SAPU) were crossed and interbred to provide genetic variation in the base population. These strains, and the period for which they have been inbred at the SAPU, are 'NOS' or 'White mice' (Flux, 1957) , CHI (Flux & Munford, 1957) and TSA (Cockrem, 1959) , 30 years; and C3H/He (Anon, 1987) , 5 years. All mice were housed in one room with a constant light to dark ratio of 14h:10h and a temperature of about 20 °C. A complete pelleted diet was fed ad libitum. After blood sampling and weighing of pups in generation 4, 3 % tallow was added to soften the pellets. Analysis of the diets showed that addition of the tallow increased digestible energy content by only 4-5% (which is within the normal range of between-batch variation).
Three lines were established in August 1985 by random allocation of males and females from a common base population. Two lines were subjected to divergent selection for plasma concentrations of IGF-1 and the third was maintained as a randomly bred control. Animals were used for breeding only once, resulting in discrete generations. Each of the selection lines was maintained at 20 females and 10 males while the control line consisted of 10 pairs. Mating of fullsibs was avoided. In order to maximize the effective population size in the control line, one male and one female were randomly chosen from each litter to become the replacement breeding stock for the following generation. Furthermore, a cyclical pattern of mating was employed to reduce the rate of accumulation of inbreeding. The lines were not replicated.
Selection was based on IGF-1 levels estimated from blood samples which were pooled within litters. Six individuals per litter were sampled in generation 0 and four in subsequent generations. Pooled, rather than individual, samples were used to minimize the effects of blood sampling on health and growth of the mice (low-line mice with weaning weights as low as 10 g have been observed and the 200 /il blood sample required for the assay would represent about 30 of their total blood volume). Because IGF-1 levels in mice are influenced by sex (Blair et al. 1987) , equal numbers of males and females were sampled where possible. Blood sampling was carried out between 09.00 and 13.00 h. Blood was obtained by tail-snipping after anaesthetizing the mice with ether. Plasma was prepared from heparinized blood and stored at -20 °C. IGF-1 concentrations were measured by radioimmunoassay following acid-ethanol extraction using the procedure of Gluckman and Butler (1983) . Intra-and inter-assay coefficients of variation were 5-0 and 9-8%, respectively.
Selection of breeding stock for the high (low) line was based on those litters having the highest (lowest) adjusted means for IGF-1 levels. IGF-1 concentrations were adjusted for the number of pups weaned (NPW) and age at sampling.
Analysis of litter mean IGF-1 concentrations was undertaken by applying a linear model with line as a fixed effect and a number of pups weaned (NPW) and age at sampling as covariates. Liveweight was analysed using a similar linear model, with sex included as an additional fixed effect. Due to the unbalanced nature of the data, line was always fitted last, to enable comparisons between lines to be free from sex, NPW or age biases. All analyses were undertaken using the statistical package REG (Gilmour, 1985) .
Selection differentials for IGF-1 concentrations were calculated by deviating the weighted average of the litters providing parents of the next generation from the simple generation mean IGF-1 concentration. The weighting of litter mean IGF-1 concentration by the number of parents provided to the next generation accounted for (a) unequal litter sizes, and (b) partial selection of the lowest ranked litter providing parents.
Conversion of the components of the formula presented by Hill (1972) to those relevant for family selection allowed the approximation of a standard error for the realized heritability which included a random genetic drift component.
Results (i) Inbreeding
The regression of average inbreeding on generation yielded rates of increase in breeding of 3-6, 1-6 and 5-3 % per generation for the high, control and low lines, respectively, assuming zero inbreeding at generation 0. The different rates at which inbreeding has accumulated in the 3 lines could potentially have interfered with the rates at which changes due to selection accrued. For example, Falconer (1981) noted that, in mice, 6-week liveweight could be depressed by 0.58 g per 10% increase in inbreeding. Since the effects of inbreeding were completely confounded with the effects of selection in this experiment, it was not possible to separate changes due to selection from those due to inbreeding.
(ii) Direct response
The mean IGF-1 concentrations for each line within generation are presented in Table 1 . There was considerable between-generation fluctuation in the IGF-1 concentrations and this could not be accounted for by assay drift. Of particular concern is that values for the control line did not appear to vary in a similar fashion to those of the high and low lines. Therefore, direct response to selection in IGF-1 concentrations was calculated as the difference between high and low line means (Fig. 1) . Under these circumstances, it was not possible to determine whether response was symmetrical or asymmetrical. However, it is clear that response to selection continued until generation 5. The reduced response in generations 6 and 7 could reflect reduced levels of genetic variation in either or both lines due to selection or inbreeding. Alternatively, the reduced response could be caused by the inefficiency of family selection. It is unlikely that the change in feed pellet composition after generation 4 contributed to the reduced response, since further divergence occurred in generation 5. The average rates of accumulation of selection differential per generation were 160 ng/ml in the high line and -15-7 ng/ml in the low line. There was no indication of a decline in the selection differentials in later generations. Since generations were discrete in this trial, cumulative selection differentials were obtained by adding successive selection differentials together. A realized heritability of 015 + 0-12 based on response to family selection was generated by regressing the divergence between the high and low lines on the cumulative selection differential. However, this value would be significantly affected by the poor responses found in the last two generations. Since the reason for the decline in response is unknown, this realized heritability estimate must be treated with caution. Furthermore, the use of family selection contributed to a high standard error via random genetic drift.
(iii) Correlated response in 6-week liveweight
Mean adjusted 6-week liveweights for the various generations are presented in Table 1 . Perusal of the generation means reveals a downward trend in liveweights until generation 4. From generation 5 onwards, liveweights steadily improved until the high and control lines returned to weights similar to those obtained at the outset of the experiment. The reason for these changes is unknown; the consistency of change does not suggest a nutritional effect (although a diet modification occurred after generation 4), and the steady increase in mean liveweight in generations 5-7 is the opposite of what would be expected due to inbreeding.
The divergence of the high and low lines from the control line in 6-week weight is shown in Fig. 2 . The high-low difference was significant from generation 1 onwards, while the high-control and control-low differences were significant only on an irregular basis. The rate of divergence appeared relatively steady up to generation 4. However, a major difference between the high and control lines and the low line developed 0 1 2 3 4 5 6 7 Generation Fig. 2 . Deviation of the high and low lines from the control line for liveweight (g). (-, high line; , low line).
in generation 5 and persisted in the following 2 generations. Examination of the mean low-line weights in Table 1 shows that liveweights actually increased after generation 4, but at a lesser rate compared with the high and control lines, there was no major change in the levels of inbreeding in any of the lines at generation 5. Rather, inbreeding accumulated in a relatively linear fashion.
Discussion
It is clear from the results that any discussion of responses to selection in IGF-1 concentrations and liveweight must be undertaken with care, given the different rates of accumulation in inbreeding. Fig. 1 clearly shows that response to selection for IGF-1 concentrations has occurred, but it is not possible to conclude whether change has been in one or both directions. Since there was a much reduced response in generations 5 and 6 the realized heritability value of 0-15 is of limited value in making comparisons with other information in the literature. Blair et al. (1987) reported a heritability of 0-40 for IGF-1 concentrations at 35 days of age in mice. This estimate was based on a small number of full-sib litters, from one unselected generation. The only other evidence for genetic variation in IGF-1 levels comes from two studies where selection has been for body-size or liveweight [Lund-Larsen & Bakke, 1975, (pigs) ; Eigenmann et al. 1984, (dogs) ]. A further study by Buonomo et al. (1987) with pigs is of limited value in supporting the current argument since the 3 bodysizes investigated did not come from common genetic stock. A substantial body of evidence is accumulating to show that IGF-1 concentrations are often involved in major growth disturbances (particularly dwarfism), but these tend to involve major genes rather than the quantitative aspects being addressed here (Willeberg et al. 1975; Holder & Willis, 1977; Huybrechts et al. 1985; Merimee et al. 1987) .
Although substantial changes have occurred in 6-week liveweight, it would be unwise to attribute all of the difference to a correlated response to selection for IGF-1 levels. The substantial change in generation 5 is of particular concern and would be consistent with the appearance of a major gene for dwarfism. However, in 4 randomly bred generations observed since selection was suspended, no evidence to support this theory has emerged.
There is no direct evidence in the literature regarding the possible existence of a genetic correlation between IGF-1 concentrations and liveweight. The studies of Lund-Larsen & Bakke (1975) and Eigenmann et al. (1984) provide some indirect support.
In conclusion, the use of family selection caused unequal rates of inbreeding accumulation in the three lines. As a consequence, it was not possible to separate the effects of selection and inbreeding. However, results were sufficiently favourable to suggest that further work is warranted to investigate the genetic nature of the IGF-1 concentration/liveweight relationship. To this end, a selection experiment involving Romney sheep has been established in which plasma levels of IGF-1 in individuals at about 5 months of age are being used as the selection criterion.
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